The first validation study using a two minute infusion showed very little bias in the time-activity curves estimated from the simulated dynamic cardiac SPECT patient study; whereas, the second validation study using a one minute infusion showed considerable more bias in the estimated time-activity curves and parametric parameters. We believe that this is the result of selecting non optimum basis functions.
I. INTRODUCTION
EASUREMENT of the arterial input function (AIF) is essential to deriving quantitative estimates of regional myocardial blood flow using kinetic models. Accurate measurements have been possible with a wide range of radiotracers in both research and clinical PET/CT imaging. However, accurate measurements of the AIF with dynamic SPECT have posed various challenges; foremost being that imaging a rapidly evolving radiotracer distribution with a slowly-rotating single-or dual-head SPECT scanner yields temporally inconsistent projection data. Thesis: The implementation of spatiotemporal reconstruction methods that are able to reconstruct both spatial and temporal basis functions from projection data can better improve the bias due to inconsistent projection measurements.
Most image reconstruction algorithms operate on the assumption of temporally consistent projection data. Nonnegligible artifacts arise from relatively low count rates, increased attenuation, and greater collimation-induced blurring in SPECT images compared to PET. In addition, the reconstruction of inconsistent data due to temporal variations in the uptake of the radiotracer can also present significant artifacts if the time variation in the data is not taken into consideration.
In the following, we estimate the AIF in human subjects from dynamic SPECT/CT acquisitions of 99m Tc-tetrofosmin concentration in the left atrium imaged with a commercial SPECT/CT scanner (Precedence, Philips Healthcare, Andover, MA). We compute the AIF with both traditional image-based analysis and with spatiotemporal reconstruction methods (4D reconstruction methods) that take the temporal variation of the projections into account. Spatiotemporal reconstruction methods [1] [2] [3] fit the time-varying activity in each of the image voxels to a linear combination of three quadratic Bspline basis functions that have the capability to model the expected range of physiologic kinetics of the tracer distribution in the subject.
II. METHODS

A. Patient Study
Subjects were imaged at rest with a Philips Precedence SPECT/CT dual-headed scanner. An injection of 10 to 25-mCi injection of 99m Tc-tetrofosmin was administered while the patient was in the scanner, and was delivered in a slow 2-minute infusion using a Harvard ADS 975 pump. Imaging began at the start of infusion, using a series of eight to ten back-to-back 180-degree continuous-mode acquisitions (54 seconds for each rotation), with the heads at 90 degrees. A set of 36 projections (128 × 128 pixels of dimension 3.19 mm × 3.19 mm pixels) was acquired during each rotation yielding a total acquisition time of 432 -540 seconds, for the dynamic portion of the study. A set of early projection images is shown in Fig. 1 . Approximately 45 minutes after injection, the subject was repositioned, was administered a CT scan, and then was imaged for the rest static portion of the study (64 projections over 180 degrees; 25 seconds per projection; 64 × 64 pixels of dimension 6.38 mm × 6.38 mm). Fig. 1 . Sequential, raw projections (3-second frames, 5 o rotation between projections) of the superior vena cava, and both atria and ventricles, measured during a 2-minute infusion of 17mCi of 99m Tc-tetrofosmin in a male patient (246 pounds).
B. Reconstruction and Kinetic Analysis
Each set of dynamic projections was reconstructed via two methods-the standard reconstruction and the 4D dynamic reconstruction method (4D-recon). Standard reconstructions were performed with the Astonish™ OS-EM-based algorithm provided by the scanner manufacturer, which included correction for attenuation and collimator-induced blurring. The images were corrected for photon attenuation using the attenuation map created with the manually co-registered CT image taken during the static-portion of the same study. Coregistration of the SPECT and CT images was visually verified by superposing the CT image volume on the summeddynamic SPECT images and the static SPECT images. The reference time for each of the dynamic images from standard reconstruction was taken as the mid-point time of each rotation.
For the 4D reconstruction, we applied a spatiotemporal reconstruction method [1] [2] [3] that fit the time-varying activity in each of the image voxels to a linear combination of three quadratic B-spline basis functions,
where the linear coefficients Į i k were estimated by first creating a spatiotemporal system matrix that projected the time-varying activity in each voxel at t j , Q(x i ,t=t j ), onto the projection p j (t j ).
The system matrix included attenuation and collimatorinduced blurring. The linear coefficients of these functions, Į i k , were computed with a maximum-likelihood expectation maximization (MLEM) algorithm. The algorithm was run for 100 iterations.
Once the spline coefficients Į i k were computed, they were combined with the basis functions to create a spatiotemporal image sequence that was used to derive time activity curves in volumes of interest.
An estimate of arterial input function (AIF) was used for compartmental kinetic model-based quantification of myocardial perfusion, using the following single-compartment model with wash-out:
where Q M (t) was the radionuclide content of the myocardium, Q B (t) was the arterial input function, k 21 was the flow uptake parameter and k 12 was the wash-out parameter [both measured in units of inverse minutes (min -1 )], and f v was the vascular fraction.
C. Validations -SPECT from 94
Tc-MIBI PET We were unable to compare our measured SPECT human AIF with any gold standard (such as one provided by 13 NH 3 perfusion imaged with PET/CT). Instead, we investigated the bias induced by the temporally inconsistent projections and other SPECT artifacts described above by applying our method, respectively, to simulated SPECT projection data computed from 94 Tc-MIBI human PET studies and to a database of real SPECT projection data from a physical phantom.
The first validation derives SPECT-like dynamic projection data from selected forward projections, chosen from modeled SPECT acquisitions, of existing dynamic 94 Tc-MIBI PET images, taking temporal variations into account [4] .
We had six patient studies. Each patient was administered a 60-120 sec infusion of 94 Tc-MIBI while dynamically imaged with a GE Advance PET scanner. The 117.0-minute dynamic imaging for each patient was organized into a sequence of 68 frames; 12 15-second frames, 12 30-second frames, 12 60-second frames, 16 120-second frames, and 16 240-second frames. Each patient was also imaged with a 480-second transmission scan, using a rotating ( 68 Ge) source built into the scanner. The reconstructed PET emission images covered a 51.2-cm by 51.2-cm by 14.8-cm field of view (organized in 2-mm by 2-mm by 4.25-mm voxels).
The user defined a SPECT acquisition protocol in terms of a time series of parameters which included reference time, angle, and camera radius (measured from the center of the camera to the center of rotation). The user chose multiple camera heads, and if so, created a separate time series of parameters for each. The user had complete freedom in choosing these parameters, including reference times. The dimensions of the modeled SPECT camera head were constrained to be no larger respectively than the anteriorposterior extent and the smaller of the dorsoventral and leftright extent of the PET image.
We used linear temporal interpolation between the PET dynamic image sequences so that they could be applied to a general range of SPECT timing parameters. For each SPECT time point, t, a subset of the dynamic PET series was selected for rotation and projection; namely the nearest-neighbor PET frames. We selected a minimum of three or a maximum of five images from which to interpolate the image at the selected SPECT time point, t. Once the interpolated image was computed, it was rotated into the selected SPECT camera angle. The rotated image was convolved with the measured depth-dependent two-dimensional Gaussian point-spread function. The transmission image was similarly rotated. The linear attenuation coefficients were first converted from the PET image energy to the desired SPECT image energy (from 511 keV for the 68 Ge transmission source to 140 keV for the modeled 99m Tc acquisition). SPECT-like projections were created by forward projecting the rotated, blurred PET emission image with the rotated, energy-shifted transmission image. This collection of SPECT-like projections was then reconstructed with the same dynamic 4D reconstruction methods described in section II.B.
The creation of SPECT-like projections from existing PET data, as opposed to from simulations, allowed for accurate modeling of real radioisotope distribution in human subjects. However, while the method was not limited to one SPECT platform or acquisition, the technique only allowed for one unique realization of the tracer distribution. The PET images also had different noise properties than typical SPECT images. One could generate numerous realistic noise realizations, assuming a mean derived from the PET images and a distribution derived from projections measured with the SPECT system of interest. The validation method also required modeling of SPECT-like attenuation and blurring into the projections.
D. Validations -SPECT Database
Alternatively, estimation of the time activity curves from dynamic SPECT data was also validated with a database of SPECT measurements of an anthropomorphic phantom [5] . Numerous real-SPECT projection measurements of known concentrations of a given isotope within unique compartments of the phantom, over a range of projection angles, were combined to create multi-compartmental distributions of the tracer based on user-defined input functions.
The database used in this paper was a collection of projection measurements of the Anthropomorphic Torso Phantom with Cardiac Insert (Data Spectrum, Hillsborough, NC) acquired with a Millenium VG3 camera with Hawkeye attenuation correction (GE Healthcare, Chalfont St. Giles, U.K.), using a low energy high resolution collimator. The left-ventricular blood pool, left ventricle, liver and background were respectively filled with known concentrations of 99m Tcpertechnetate. A series of projection images were made of the activity in each compartment, over a range of 360 o (120 angles). At each angle, 300 projections of 0.5 secondsduration were measured at each angle, of the activity in each compartment. This database also offers CT maps for attenuation correction.
We derived blood-pool, myocardial and liver input functions from the 94 Tc-MIBI patient studies described in section II.C. The background activity was assumed to be 10% of the liver activity. The PET-derived input functions were scaled to match realistic levels in 99m Tc-sestamibi studies. The acquisition was modeled based on the SPECT camera and parameters tested in the patient study (Section II.A). A C++-database retrieval code was used to retrieve and combine the appropriate number of projections (angles, projectionduration, input activity) into the desired acquisition. A single noise-realization was created for each set of input functions.
The collection of SPECT-like projections was then reconstructed with the same dynamic 4D reconstruction methods described in section II.A.
While radiotracer distributions were modeled and were artificially constrained by the simple geometry of the phantom, this method correctly accounted for the photon statistics, attenuation, scatter and collimator blurring of SPECT data, making it complementary to the first method described in this section.
III. RESULTS
A. Patient Study
We present images from the 4D reconstruction of one of the sets of the SPECT patient data. The patient (male, 246 pounds) was administered 17mCi of 99m Tc-tetrofosmin in a slow 2-minute infusion under the camera, and dynamic imaging followed the protocol described in Section II.A., resulting in eight consecutive sets of projection data (each set was 54 seconds long). The images shown in Fig. 2 . were generated by applying the three b-spline basis functions to the parametric images derived from the 4D reconstruction described in Section II.B. Below, we show the images from two different times; from 2.4 minutes after the beginning of the 2-minute infusion (bottom row of Fig. 2 ) and from 7.2 minutes after the beginning of the infusion (top row of Fig. 2) . We see that the activity is concentrated in both ventricles in the early images, and begins to pool in the myocardium in the later images. We compare time activity curves from both the standard and 4D reconstructions in Fig. 3 . The applied regions of interest (ROIs) for both reconstructions were taken from image intensity thresholds from the 4D-reconstructed images shown in Fig. 2 (blood pool from the early image, myocardium and liver from the late image), within anatomical boundaries determined from the cross-registered CT image. The blood-pool ROI included voxels from both the left ventricle and left atrium. In the figure above, the set of time activity curves from the static reconstruction was arbitrarily scaled to match the set of curves from the 4D reconstruction. However, this scaling factor drops out from the least-square fit estimation of the kinetic parameters (Table 1 ) from (2). Overall, we see the expected morphology from each set of three time activity curves, from both reconstructions. There is good agreement in the estimates for the uptake (k 21 ) and spillover fraction (f v )
B. SPECT from 94 Tc-MIBI PET
The 4D reconstruction methods were also applied to the SPECT-like projections derived from the 94 Tc-MIBI PET data. ROIs for the myocardium, liver, blood pool, spleen, and a thoracic lesion were identified on the cross-registered PET emission image (Fig. 4) . Fig. 4 . Orthogonal views of voxel masks (myocardium ("heart") = green, liver = red, blood pool = blue), chest lesion (purple) and spleen (aquamarine), drawn from CT attenuation map of patient.
Time activity curves for these five regions were first estimated from the original framed dynamic PET data. They were then estimated from the 4D reconstructed images of the SPECT-like projections. The comparison between these two sets is shown below in Fig. 5 . The input ("original") curves shown below have been temporally interpolated to match the resolution of the reconstructed time activity curves. No scaling was applied between both sets of time activity curves. The least-square fit estimation of the kinetic parameters from the blood pool and myocardium curves in Fig. 5 are shown in Table 2 . The overall agreement between both sets of curves and between the estimated kinetic parameters is very good.
C. SPECT Database
Finally, 4D reconstruction methods were applied to the SPECT database data which were selected to model 94 Tc-MIBI uptake in humans. A late-time image is shown below, in Fig. 6 . Regions of Interest (ROIs) on the myocardium, blood pool, and liver were designated on the cross-registered SPECT CT attenuation map (Fig. 7) . We compare the input PET 94 Tc-MIBI time activity curves which were used to parameterize the data selection with the time activity curves estimated from the 4D dynamic image reconstructions within the ROIs described above. These curves are shown in Fig. 8 . The set of input curves was arbitrarily scaled to match the set of reconstructed curves. The input ("original") curves shown below have been temporally interpolated to match the resolution of the reconstructed time activity curves. The kinetic parameters from both sets of curves are listed in Table 3 . The agreement between the blood pool curves is not as good as the respective agreements between the myocardial curves and the liver curves. There is a noticeable discrepancy in the estimate of the uptake parameter, k 21 .
IV. DISCUSSION
We have compared full compartmental kinetic analyses from dynamic SPECT patient data using both standard and 4D reconstruction methods. We see encouraging agreement between the two methods, but neither has been independently validated as an accurate method for performing absolute quantitation with dynamic SPECT.
An arbitrary scaling has been applied to the time activity curves from the standard reconstruction (Fig. 3) , but compartmental kinetic modeling removes that scaling from the final estimation of parameters.
In fact, the singlecompartment kinetic model with wash-out could obviate the need to measure time activity curves in any specific units (i.e. Bq/cc), as long as the scaling factor between the units in the reconstructed image and the true units of activity is invariant over all the measurements. However, if there is any spatial or temporal variation of this scaling factor, this will introduce bias in the kinetic analysis.
We assess bias in the 4D reconstruction method using the discussed validations. The validation from the SPECT database showed good agreement in reproducing the two tissue curves (myocardium and liver), but worse agreement in reproducing the blood pool curve. The input was taken from a PET study where the patient underwent a 1-minute infusion of 94 Tc-MIBI. The set of basis functions chosen for the reconstruction may not have been optimized for such a relatively rapid injection. They were much better optimized for the SPECT patient study (2-minute infusion). We deduce from the discrepancy between the input and the estimated flow uptake parameter (k 21 ) that compartmental kinetic parameter estimation is very sensitive to the accuracy of the blood input function, and so optimization of basis function selection is very important. We see better reproducibility in the blood pool curves from the SPECT-from-PET, where the AIF was much slower (Fig. 5) .
We are planning a parallel 99m
Tc-tetrofosmin SPECT/CT and 13 N-ammonia PET/CT patient study to validate the use of methods in deriving quantitative myocardial flow reserve with clinical data.
